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Magnetic properties of vanadium-oxide nanotubes probed by static magnetization and
51V NMR
E. Vavilova1,2, I. Hellmann1, V. Kataev1,2, C. Ta¨schner1, B. Bu¨chner1, and R. Klingeler1
1Leibniz-Institute for Solid State and Materials Research IFW Dresden,
P.O. Box 270116, D-01171 Dresden, Germany and
2 Kazan Physical Technical Institute of the Russian Academy of Sciences, 420029 Kazan, Russia
(Dated: 29th June 2018)
Measurements of the static magnetic susceptibility and of the nuclear magnetic resonance of
multiwalled vanadium-oxide nanotubes are reported. In this nanoscale magnet the structural low-
dimensionality and mixed valency of vanadium ions yield a complex temperature dependence of
the static magnetization and the nuclear relaxation rates. Analysis of the different contributions
to the magnetism allows to identify individual interlayer magnetic sites as well as strongly anti-
ferromagnetically coupled vanadium spins (S = 1/2) in the double layers of the nanotube’s wall.
In particular, the data give strong indications that in the structurally well-defined vanadium-spin
chains in the walls, owing to an inhomogeneous charge distribution, antiferromagnetic dimers and
trimers occur. Altogether, about 30% of the vanadium ions are coupled in dimers, exhibiting a
spin gap of the order of 700K, the other ∼ 30% comprise individual spins and trimers, whereas the
remaining ∼ 40% are nonmagnetic.
PACS numbers: 75.75.+a, 75.40.Cx, 76.60.-k
I. INTRODUCTION
Nanoscale magnetic materials are the subject of a cur-
rently increasing interest which is related both to the
novel fundamental aspects of magnetic structure and dy-
namics on the nanometer-scale, and promising future
technological applications, such as magnetic data stor-
age elements, sensors or spin electronic devices (for a
review see, e.g., Ref. 1). One novel approach to engi-
neer single, i.e. well separated and individually address-
able nanoscale magnets, is to utilize self-organization of
nanostructures, such as carbon fullerenes, carbon nan-
otubes, silicon-carbon-nanorods and others. However,
owing to a weak magnetic exchange between unpaired
spins these materials often exhibit only a very small
magnetic moment so that external magnetic fields barely
interact with these nanostructures. One possible way
to overcome this problem is to prepare self-organized
nanoscale materials based on transition-metal (TM) ox-
ide low-dimensional (low-D) structural units where com-
plex strong electronic correlations in the spin- and charge
sectors are expected. Indeed, a variety of fascinating phe-
nomena related to spin- and charge correlations in low-D
TM oxides were found in the past years, ranging from
high-temperature superconductivity in 2D-cuprates, a
spin-Peierls transition or a Haldane spin-gap behavior
in 1D-spin chain compounds, to superconductivity in
1D-spin ladder materials (for recent reviews see e.g.
Ref. 2,3,4,5).
Recently a new class of nanoscale spin magnets, mixed
valence vanadium oxide multiwall nanotubes (VOx-NTs),
has been introduced.6 The structure of the VOx-NT
walls7 is closely related to that of barium vanadium ox-
ide bronze BaV7O16 × nH2O (Fig. 1).
8 One finds there a
V-metal ion in distorted octahedral and tetrahedral coor-
dination, respectively. V-octahedra are coupled in edge-
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Figure 1: (Color online) Structure of the VOx-NT wall: (a)
Double layer of octahedrally coordinated V(1,2) ions. Tetra-
hedrally coordinated V(3) ions are located between the two
layers. (b) Zig-zag V(1,2)-chains in a layer.
sharing zig-zag VO-chains. Arrays of VO-chains form
a double layer with tetrahedral V-sites lying between
the two layers. Mixed valence vanadium oxides, VOx
(1.0 < x < 2.5), are themselves very rich in electronic
and magnetic properties owing to an intimate interplay
between spin, orbital and charge degrees of freedom.2
2When assembled in nanotubes (NT) using dodecylamine,
C12H25NH2, as a structure-directing surfactant molecule,
VOx-NTs show up diverse properties ranging from spin
frustration and semiconductivity to ferromagnetism by
doping with either electrons or holes.9 Such a rich behav-
ior makes this material very interesting from the view-
point of fundamental research as well as regarding pos-
sible future applications mentioned above. In particular,
its magnetic properties can be widely tuned by inter-
calation or electrochemical doping (e.g. by lithium or
iodine), thereby offering the possibility to realize novel
nanoscale magneto-electronic devices. A detailed analy-
sis of the magnetic properties is, therefore, important in
order to correlate them with structure and morphology
of VOx-NTs for tailoring the magnetic properties of this
nanostructured material.
In order to obtain a deeper insight into the magnetism
of VOx-NTs we have measured magnetization and nu-
clear magnetic resonance (NMR) of pristine, i.e. Li-
undoped, samples. The static magnetic data give evi-
dence for the occurrence of magnetically nonequivalent
vanadium sites in the structure. These sites can be pre-
sumably attributed to V4+ (d1, S = 1/2) ions in the
octahedral and tetrahedral oxygen coordination, respec-
tively. The spins in the octahedral sites (chain sites),
are strongly antiferromagnetically correlated. One part
of them is coupled in dimers and exhibits a spin-gap
behavior. The other part forms trimers. They, to-
gether with much weaker correlated tetrahedral magnetic
sites, dominate the low-temperature static magnetic re-
sponse. NMR measurements on 51V nuclei reveal re-
laxation channels with two distinctly different relaxation
rates. Though the longitudinal relaxation rate T−11 ex-
hibits a strong temperature dependence the manifesta-
tion of a spin gap is obscured due to the presence of an
appreciable amount of magnetic sites at low tempera-
tures. We discuss possible mechanisms of vanadium nu-
clear spin relaxation and their interplay with the static
magnetic properties. In particular, both NMR and the
static susceptibility data give strong indications that ow-
ing to the pronounced structural low-dimensionality and
mixed valency of VOx-NTs different spin arrangements,
namely individual spins, spin dimers and trimers, coexist
in comparable amounts in this complex material.
II. EXPERIMENTAL RESULTS AND
DISCUSSION
A. Samples and Experimental
Samples of VOx-NTs were synthesized using a hy-
drothermal procedure described in Ref. 6,9. The high
quality of the samples has been verified by a number of
techniques, such as high-resolution and analytical trans-
mission electron microscopy (TEM), electron diffraction,
x-ray photoemission spectroscopy and electron energy-
loss spectroscopy (EELS)(for details see Ref. 10). In this
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Figure 2: (Color online) Temperature dependence of the static
susceptibility χ(T ) = M(T )/H in an external magnetic field
of µ0H = 1T (left ordinate) and of 1/χ(T ) (right ordinate).
The dashed line is a Curie-Weiss fit of the low temperature
data to Eq. (2). (For details see the text.)
preparation method the nanotubes occur in two topolog-
ical modifications, i.e. concentric shell tubes with closed
edges of the VOx sheets and scrolled tubes with open
edges, with the latter topology being a predominant one.6
As one can see in Fig. 1 of Ref. 10, however, the tube walls
in our samples consist of a large number (∼ 20) of VOx
layers. Therefore one expects that such differences in
the microscopic topology, yielding absence or presence of
open vanadium edge sites plausibly different from those
in the bulk of the wall, should not affect appreciably the
bulk magnetic properties.
Here, static magnetization measurements have been
performed in the temperature range 2 - 500K with a
SQUID magnetometer from Quantum Design in mag-
netic fields up to 5 T and with a home-made vibrating
sample magnetometer (VSM) in fields up to 15 T. Upon
heating, however, we observed indication that, above
∼370K, the material degenerates so that we restrict the
data presented here to temperatures below 370K. Pre-
sumably this sample degradation is due to the changes of
the oxygen stoichiometry. We note, however, that on the
time scale of two months repeated magnetization mea-
surements of the samples kept in air yielded identical
results which assures the sample stability if overheating
is avoided.
The 51V-NMR experiments were carried out with a
Tecmag pulse solid-state NMR spectrometer in a field of
7.05 T in a temperature range 15 - 285K.
B. Static magnetization
Experiment. The temperature dependence of the static
susceptibility χ(T ) = M/H obtained in a magnetic field
of µ0H = 1T is shown in Fig. 2. These data are similar
to the findings in Ref. 9. One can distinguish between a
low-temperature regime below ∼ 120K characterized by
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Figure 3: (Color online) High temperature contribution χs
to the total susceptibility, Eq. (1). A fit to a dimer model,
Eq. (3), is shown by a solid line (red color online) which is
practically undistinguishable from the data. (For details see
the text)
a Curie-like behavior, which is reflected by a linear tem-
perature dependence of 1/χ(T ) (cf. Fig. 2). At higher
temperatures, however, there are strong deviations from
the linear behavior. The latter can be attributed to
an additional contribution to the static susceptibility χs
arising at higher temperatures. In this case χs can be ob-
tained by subtracting from the raw data the Curie-Weiss
term χCW and a small temperature independent contri-
bution χ0 owing to the Van-Vleck paramagnetism of the
V ions:
χs = χ(T ) − χCW − χ0, (1)
χCW = C/(T + Θ). (2)
Here, C = NCW NA µ
2
B/kB is the Curie constant, as-
suming the spin S = 1/2 and the g factor g = 2,
and Θ is the Curie-Weiss temperature. The best fit
of the low-temperature data yields the concentration of
V4+ spins contributing to the Curie-Weiss susceptibility
NCW = 17% of all V ions, Θ = 4K and χ0 = 7 · 10
−5
emu/mole. The additional contribution χs is shown in
Fig. 3.
Consistently with the results of Ref. 9, χs can be ex-
plained with a model of noninteracting antiferromagnetic
dimers:
χdimer = (NdNAµ
2
B/kB)/ (T [3 + exp(∆/kBT )]) . (3)
Fitting of the data in Fig. 3 to Eq. (3) implies that at
Nd = 28% of all V sites there are spins S = 1/2 which
form antiferromagnetic dimers. The dimer gap amounts
to ∆ = 710K. With these parameters the fit yields χs =
χdimer with a good accuracy.
Hence, the susceptibility data suggest that in a large
temperature range the static magnetic response of VOx-
NTs can be very well described by a Curie-Weiss contri-
bution χCW , the Van-Vleck paramagnetism χ0 and the
presence of antiferromagnetic dimers. However, below
∼ 15K the experimental data deviate from this descrip-
tion, (Fig. 3). Here, χdimer is practically zero owing to
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Figure 4: (Color online) Magnetic field dependence of magne-
tization at T = 4.2K measured in ascending and descending
fields. Note the absence of hysteresis. A fit to Eq. (4) is shown
by a solid line (red color online) which is practically undis-
tinguishable from the data. Contribution owing to quasi-free
spins described by the Brillouin function is shown by a dashed
line. (For details see the text)
a large value of ∆. Thus the strong upturn of χs below
15K implies the occurrence of another contribution to
the static susceptibility not accounted for in Eqs. (1) and
(3). In order to address the low temperature magnetism,
the field dependence of the magnetization M(H) up to
15T, at T = 4.2K, has been measured. The data pre-
sented in Fig. 4 display a nearly linear field dependence
of M at high magnetic fields and a pronounced curva-
ture at lower fields without measurable hysteresis. This
M(H) curve can be very well fitted (Fig. 4) as a sum of
two contributions
M(H) = χlinH + NBNAµBBs(x). (4)
The first part of Eq. (4) describes an appreciable lin-
ear contribution toM determined by a field-independent
susceptibility χlin = 1.8 · 10
−3 emu/mole. The second
part accounts for a nonlinearity ofM(H) due to the align-
ment of the spins by a magnetic field at low temperatures.
Here Bs(x) is the Brillouin function with x = H + λM ,
and λ being the mean-field parameter. Assuming the g
factor g = 2 and the spin S = 1/2 one obtains from
the fit a small mean-field parameter λ = 70 mole/emu
and the concentration of such polarisable, i.e. quasi-free,
spins NB = 3% of all V sites at T = 4.2K.
Discussion. We will start the discussion of the magne-
tization data by considering the response at T > 15K,
where the susceptibility can be described well in terms
of non-interacting dimers and the Curie-Weiss law. Dif-
ferent contributions to the magnetic susceptibility can be
related to the occurrence of nonequivalent vanadium sites
in the crystal structure of VOx-NTs.
9 The octahedrally
coordinated V(1) and V(2) sites are found in the dou-
ble layers (Fig. 1). Tetrahedrally coordinated V(3) sites
occur between the layers. The bond valence sums cal-
culated for a closely related material BaV7O16 × nH2O
4suggest that vanadium in the V(3) position has a va-
lency close to 4+ (d1, S = 1/2), whereas vanadium in
the positions V(1) and V(2) may be 4+ as well as 5+
(d0, S = 0).7,8 The mixed-valency in VOx-NTs is con-
firmed by recent EELS measurements which yield 60%
of V4+ and 40% of V5+ in our samples.10 Thus the con-
centration of magnetic V sites with S = 1/2 amounts to
60%. This estimate is consistent with our NMR data (see
Section II C below) but, however, at first glance numeri-
cally contradicts the static magnetization data. Indeed,
the number of magnetically active sites contributing to
the Curie-Weiss susceptibility and to the dimer suscep-
tibility makes up NCW + Nd = 17%+28%=45% only.
The number NCW , however, does not necessarily count
only single S = 1/2 V sites, which we will discuss in the
following.
It is reasonable to assume that owing to magnetic frus-
tration the V(3) spins between the layers are interacting
very weakly and that all magnetic V(3) sites are there-
fore contributing to the Curie-like behavior of the static
susceptibility.9 The amount of V(3) sites in the unit cell
is 1/7 ≈ 14%. A larger number of weakly interact-
ing Curie-like 1/2-spins NCW = 17% estimated from
the analysis of the susceptibility (Fig. 2) suggests that
quasi-free spins are not confined to the interlayer V(3)
sites only. The mixed valency of vanadium in VOx-NTs
results in a heterogeneous charge distribution in the zig-
zag chains comprising the walls (Fig. 1). Assuming that
most of tetrahedral V(3) sites are magnetic (. 14%)
and recalling that the EELS data yield 40% of nonmag-
netic V5+ ions in the structure which thus should mostly
reside in the chains, one finds almost equal number of
spin- (S = 1/2) and spinless (S = 0) sites in the chains.
Thus, about a half of the sites in the chain are mag-
netic. Recalling our estimate of the concentration of
spins in dimers Nd = 28% which all should reside in
the chains, we obtain that those spins constitute there
almost 2/3 of magnetic chain sites. Hence, there is still
a significant number of spins in the chains amounting to
∼ 18% of all V sites in the unit cell, which are not cou-
pled in dimers. If they were individual quasi-free spins,
they would be expected to contribute to the Curie-Weiss
susceptibility, similar to the V(3) interlayer sites. This
would yield the total concentration of Curie-like spins
18% + 14% = 32%, which is almost twice as large
as the experimentally determined value NCW = 17%.
Therefore, this apparent discrepancy suggests that the
remaining spins in the chain which are not involved in
antiferromagnetic dimers are not independent but might
form longer spin-chain fragments. Indeed, it has been re-
cently shown both theoretically and experimentally that
the ground state configuration of a strongly hole-doped
antiferromagnetic Heisenberg chain is composed of spin
chain fragments of different length, i.e. of spin dimeres,
trimers and monomers (individual spins) etc.11,12 Re-
markably, for small external fields, trimers respond simi-
larly to free spins at low temperatures (see e.g. Ref. 13).
Thus NCW = 17% of Curie-like spins estimated from
dimer
s
~ 28 %
trimers
~ 18 %
quasi-free spin
s
            < 14 % ~
~ 40 %
Figure 5: (Color online) Fractional weight of different spin
species in VOx-NTs. (For details see the text)
our susceptibility data may comprise magnetic interlayer
V(3) sites, i.e. quasi-free spins, as well as trimers in the
V chain.
In case of antiferromagnetic trimers, the number of
magnetically active spins involved in the Curie-like re-
sponse is three times larger than for single spins, i.e. for
a number of spins Nt arranged in trimers only Nt/3 will
be counted in NCW . Assuming that the remaining spins
in the chains which are not involved in dimers, all form
trimers, i.e. Nt = 18%, one obtains a correct estimate
of the total concentration of magnetic S = 1/2 sites in
the sample (NCW − Nt/3) + Nt + Nd = 57%, which is
in a good agreement with the EELS data. To summarize
the above discussion the approximate fractional weights
of different spin species are depicted in the diagram in
Fig. 5.
The above data analysis hence strongly suggests the
occurrence in the V chains of spin-chain fragments of
different lengths, i.e. individual spins, antiferromagnetic
dimers and trimers. One might speculate if even longer
fragments occur. The presence of chain fragments with
an even number of sites, e.g. of quadrumers, however, can
be ruled out by the experimental data: For quadrumers,
one would expect the gap ∆q = 0.659 · ∆ ≈ 470K,
13
which is not observed in our data. We also note, that the
singlet-triplet excitation in the trimer occurs at ∆t =
1.5 · ∆ which can not be investigated since the sample
thermally degenerates at 370K.
Finally, we discuss the magnetization data at a low
temperature T = 4.2K (Fig. 4) which reveals a sub-
stantially different magnetic response as compared to the
results at T > 15K. In particular, the concentration
of quasi-free spins, i.e. monomers (individual spins) or
trimers, is strongly reduced down to 3%. This clearly in-
dicates that most of the monomers/trimers are coupled
antiferromagnetically at this temperature. This scenario
is corroborated by the observation of a significant lin-
ear contribution χlinH to the M vs. H curve. The fact
that χlin is constant in the whole field range implies that
the antiferromagnetic coupling of the monomers/trimers
is larger than the energy µBH of the applied field of
15T. This scenario of antiferromagnetic coupling, how-
ever, does not straightforwardly explain the additional
5contribution to χ(T ) below ∼ 15K (cf. Fig. 3). One may
speculate that anisotropic coupling mechanisms, like e.g.
the Dzyaloshinskii-Moriya exchange, have to be consid-
ered. This requires, however, a detailed symmetry anal-
ysis of the exchange paths between vanadium spins in
VOx-NTs.
C. Nuclear Magnetic Resonance
Experiment. The 51V-NMR experiments were carried
out in a field of 7.05 T in a temperature range 15 - 285K.
51V nucleus has a spin I = 7/2 and possesses a nuclear
quadrupole moment. Therefore it is sensitive to both,
the magnetic degrees of freedom and to the charge envi-
ronment. The NMR spectra were acquired by a point-
by-point frequency sweeping. At each frequency point
the signal has been obtained by a Fourier transforma-
tion of the Hahn spin echo pi/2 − τ − pi with the pulse
separation time τ = 13µs. The final frequency-swept
spectrum has been calculated by sequential summing of
the signals at three successive frequency points. In Fig. 6
a spectrum at T = 285K is shown as an example. The
spectrum is broadened due to a different orientation of
nanotubes in a powder sample and contains several un-
resolved quadrupole satellites. The relaxation times T2
and T1 were measured at the frequency of the maximum
intensity of the spectrum which was assigned to the main
|+ 1/2 >↔ | − 1/2 > NMR transition. The transversal
relaxation time T2 has been determined from the Hahn
spin echo decay which cannot be described by a single
exponent. However it could be very well fitted assuming
the two-exponential behavior with two distinctly different
relaxation times. To measure the longitudinal relaxation
time T1 a method of stimulated echo employing a pulse
sequence pi/2 − t − pi/2 − τ − pi/2 with t < τ has
been used. The time dependence of the stimulated spin
echo intensity Ast(τ), which is a measure of the decay
of the longitudinal magnetization characterized by the
relaxation time T1, has been analyzed following the stan-
dard equation for the spin I = 7/2 derived in Ref. 14.
Also in this case the decay of Ast(τ) cannot be described
by a one-center fitting. The fit requires the presence of
two contributions of different weights with distinctly dif-
ferent relaxation rates. Thus for the following discussion
it is useful to define the ”fast” and the ”slow” relaxation
processes. The temperature dependence of the ”fast” and
”slow” transverse and longitudinal relaxation rates T−12
and T−11 is shown in Fig. 7. The ”slow” contribution to
T−12 is temperature independent whereas the ”fast” one
as well as both contributions to T−11 increase with in-
creasing temperature. The ratio of the weights of these
two contributions to the relaxation decay kfast : kslow
at T = 285K is close to 2.4. However the weight of
the ”slow” component strongly increases with decreasing
temperature yielding kfast : kslow ≈ 0.7 at T = 15K
(Fig. 8).
Discussion. As discussed in Section II B vanadium ions
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Figure 6: 51V-NMR spectrum of a VOx-NT sample at
T = 285K. The dashed line indicate the frequency of the
maximum intensity at which the relaxation measurements
have been carried out.
in VOx-NTs occur in different valence states and can be
magnetic and nonmagnetic. The ions possessing an elec-
tronic magnetic moment produce a fluctuating magnetic
field at the nuclei. It leads to a fast relaxation of the
nuclei of the magnetic ions due to the on-site hyperfine
interaction. The magnitude of the transferred hyperfine
field at the nuclei of nonmagnetic ions is much smaller
and the relaxation is more slow. The temperature inde-
pendent ”slow” component of T−12 can obviously be as-
signed to the conventional magnetic dipolar interaction
(see, e.g., Ref. 15). However with increasing tempera-
ture a more effective relaxation channel appears. The
fact that the temperature dependence of the ”fast” T−12
contribution is similar to that of the both components of
T−11 (Fig. 7) gives evidence that the origin of this contri-
bution is the relaxation due to the fluctuating magnetic
field produced by electron spins at the nuclei. In this
case according to the Redfield’s theory16 T−11 and T
−1
2
are determined by the magnitude of the transferred field
Hi (i = x, y, and z) and the correlation time τ0 of the
electron spins:
T−11 = γ
2
n[H
2
x +H
2
y ]τ0/(1 + ω
2
nτ
2
0 ), (5)
T−12 = γ
2
n[H
2
z τ0 +H
2
yτ0/(1 + ω
2
nτ
2
0 )]. (6)
Here γn is the nuclear gyromagnetic ratio and ωn is the
NMR frequency, respectively. In the regime of fast fluc-
tuations, ωnτ < 1, which is expected far away from mag-
netically ordered phases, the observed strong increase of
the relaxation rates with temperature (Fig. 7a) suggests
the enhancement of Hi at the positions of the nuclei ow-
ing to, e.g., an increase of the concentration of the spin
centers. Moreover, the change of the ratio of the weight
coefficients of two contributions to the relaxation decay
kfast : kslow with temperature (Fig. 8) can be explained
by taking into account the magnetic susceptibility data
which indicate that part of magnetic ions form antiferro-
magnetic dimers and exhibit a spin gap behavior. Usu-
ally owing to a spin gap the huge slowing down of relax-
ation with decreasing temperature is observed, as, e.g. in
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Figure 7: (Color online) ”Fast” and ”slow” contributions to
the NMR relaxation rates T−1
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2
: (a) as a function
of temperature; (b) as a function of inverse temperature.
Dashed line denotes the expected behavior of T−1
1
according
to Eq. (7) due to the opening of the spin gap ∆ ∼ 700K.
the case of the low-dimensional vanadium oxides, it has
been observed in the NMR relaxation measurements of a
two-leg spin-ladder CaV2O5,
17,18 or a quarter-filled lad-
der compound NaV2O5.
19 The occurrence of a spin gap
∆ yields an exponential temperature dependence of the
longitudinal relaxation rate T−11 for T < ∆:
20,21
T−11 ∝ exp (−∆/T )[0.80908− ln (ωn/T )]. (7)
With the dimer gap ∆ = 710 K deduced from our
magnetization data one would expect a strong decrease
of the nuclear relaxation below 100K, which is not ob-
served experimentally (cf. Fig. 7). Obviously, in our case
this picture is disguised by the presence of nondimer-
ized magnetic ions providing fast relaxation even at low
temperature. These magnetic centers can be assigned to
the interlayer V(3) sites as well as to trimers in the V
chains (see Section II B). The nuclei in dimerized ions
are slowly relaxing at low temperatures because of the
non-magnetic singlet ground state of a dimer and fast re-
laxing at high temperatures owing to thermally activated
singlet-triplet excitations across the dimer gap. Hence
the existence of a spin gap should be seen as a change
of the weight coefficients of the respective T−11 contri-
butions. Moreover, thermal activation of dimers at high
temperatures should effectively look like an increase of
the concentration of magnetic centers. This should en-
hance the magnitude of the fluctuating magnetic field
and the relaxation rate of the ”slow-relaxing” nuclei. In-
deed, as can be seen in Fig. 8 with increasing temperature
the relaxation rate of the ”slow” nuclei grows stronger
than that of the ”fast” ones. The common temperature
dependence of the ratios of the weights and of the re-
laxation times of two contributions (Fig. 8) justifies the
same origin of both dependences which can be due to
the occurrence of the spin gap for a part of magnetic
vanadium ions. The weight coefficients at high temper-
atures provides the ratio of the fast and slow relaxing
centers approximately as 70% : 30%. This ratio is in a
fair agreement with the EELS estimation of the ratio be-
tween magnetic V4+ and nonmagnetic V5+ amounting to
60% : 40%.10 Therefore in the high temperature regime it
is reasonable to associate the fast- and the slow-relaxing
centers with V4+ and V5+ sites, respectively. From the
weight ratio kfast : kslow at low temperatures one ob-
tains the number of ”slow-relaxing” nuclei amounting to
≈ 60% which comprises the nonmagnetic V5+ sites as
well as the dimerized centers. As the high-temperature
NMR estimate of the V5+ sites amounts to ≈ 30%, the
concentration of the magnetic S = 1/2 V4+ sites cou-
pled in antiferromagnetic dimers is, therefore, about 30%
of all vanadium, in a good agreement with the estimate
Nd = 28% from the static magnetization data (Sec-
tion II B). The NMR estimate of the ”fast-relaxing”,
i.e. paramagnetic centers, at low temperatures yields
≈ 40% which is significantly larger than the concentra-
tion of the Curie-like spins Ncw = 17% obtained from
the analysis of the Curie-like susceptibility χcw (Eq. 2).
This apparent contradiction can be resolved if not only
individual spins but also trimers would contribute to χcw
at low temperatures, as has been suggested in the analy-
sis of the static magnetic data in Section II B. Assuming
that the nuclei in a trimer belong to the ”fast-relaxing”
centers, owing to a magnetic ground state of a trimer,
all Nt sites involved in trimers will be counted in the
weight of the respective contribution to the NMR relax-
ation rate T−11 , whereas effectively only Nt/3 of those
sites is counted in Ncw. Thus the analysis of the NMR
data strongly supports the static magnetic results, both
justifying the occurrence of comparable amounts of in-
dividual spins, antiferromagnetic dimers and trimers as
depicted in Fig. 5.
III. CONCLUSIONS
In summary, magnetization and 51V NMR measure-
ments of the samples of multiwalled vanadium-oxide
nanotubes reveal a complex evolution of the static and
dynamic magnetic properties as a function of tempera-
ture. The results give strong indications that different
spin arrangements beyond a simplified picture suggested
70.00 0.02 0.04 0.06
0.04
0.06
0.08
0.10
0.0
0.5
1.0
1.5
2.0
2.5
K
1 
FA
ST
 
/ K
1 
SL
O
W
 
T 1
-
1  
SL
O
W
 
/ T
1-
1  
FA
ST
 
T-1 (K-1)
 
Figure 8: Dependence on the inverse temperature of the ratio
of the ”slow” and ”fast” contributions to the NMR relaxation
rate T−1
1
an the ratio of the weights of these contributions
kfast : kslow.
in Ref. 9 are realized in VOx-NTs. In particular, the
data analysis strongly suggests that in addition to indi-
vidual spins and antiferromagnetic dimers showing a spin
gap of the order of 700K an appreciable amount of spin
trimers occur in the samples. Though the estimate of the
fractional weights of different spin species summarized in
Fig. 5 might change to some extent owing to the experi-
mental uncertainties, and also because structural imper-
fections as well as the proportion of the majority scrolled
tubes to the minority concentric tubes may vary to some
extent from sample to sample, the data give evidence for
the coexistence of different spin configurations in com-
parable amounts which is related to the complex low-
dimensional crystallographic structure as well as mixed
valency of this nanoscale magnet.
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